Although much attention has been recently directed to sexual selection arising after insemination from sexual promiscuity, little is known about the mechanisms determining reproductive success after insemination, and the way these mechanisms interact with each other and with selective mechanisms occurring before insemination: mate choice and mate acquisition. Here, we briefly review the findings of an on-going study investigating the mechanisms generating variation in reproductive success at both a pre-and a postinsemination stage in the domestic fowl. Female preference consistently favours socially dominant males before and
Introduction
Sexual selection acts on heritable variation in reproductive success. Anisogamy and the consequential discrepancy between the reproductive rates of males and females (Clutton-Brock and Parker, 1992) generates different reproductive interests in the two sexes. Males generally increase reproductive success by out-competing rivals over fertilisation opportunities (Darwin, 1871; Andersson, 1994) . The reproductive success of females, on the other hand, is often limited by the number of eggs they can produce (Bateman, 1948; Trivers, 1972) . However, an important source of variation in female reproductive success may be determined by male genotype and/or phenotype, through the effect of the paternal genes expressed in the offspring (Pomiankowski et al, 1991; Andersson, 1994; Chippindale et al, 2001) , the direct effect of the paternal phenotype on the mother and her offspring (Andersson, 1994; Qvarnstrom et al, 2000) , and through differential maternal investment in relation to the paternal phenotype (Sheldon, 2000) .
Until relatively recently most organisms were believed to be sexually monogamous and sexual selection was expected to operate mainly through episodes leading to the insemination of an ejaculate into a female, namely mate choice and mate acquisition. However, molecular evidence combined with behavioural studies has indicated that sexual promiscuity is typical among most plant Correspondence: T Pizzari, Section of Ethology, Department of Animal Environment and Health, SLU, PO Box 234, Tom.PizzariȰhmh.slu.se after insemination. However, although social status mediates the number of sperm that a male inseminates into a female, dominant males may inseminate sperm of lower fertilising quality than their subordinates. We argue that mitochondrial genes may contribute to determine sperm quality, and speculate that the maternal control of mitochondrial genes may prevent sexual selection from operating on males, thus explaining both the lack of a positive correlation between social dominance and sperm quality and the maintenance of variation in male quality in the fowl. Heredity (2002) 88, 112-116. DOI: 10.1038/sj/hdy/6800014 and animal species (Birkhead and Møller, 1998) . Sexual promiscuity creates potential for sexual selection to continue after insemination through: (i) the competition between the ejaculates of different males for the fertilisation of a set of eggs, sperm competition (Parker, 1970) , and (ii) the selection by the female or her ova of the sperm of a particular male for fertilisation, female cryptic choice (Thornhill, 1983; Eberhard, 1996) . The realisation that widespread sexual promiscuity extends sexual selection beyond insemination has important implications for the understanding of the evolution of reproductive fitness in males and females. The reproductive fitness of a male is determined not only by traits that influence the number of females inseminated but also by traits which influence the ability of a male's ejaculates to fertilise eggs in a competitive situation (Parker, 1970; . Similarly, when sperm competition occurs, female traits are expected to evolve which allow females to preferentially utilise the sperm of the preferred males for fertilisation, particularly in species where males can coerce females into copulating, thus limiting females' opportunities to select copulation partners (Eberhard, 1996) .
Reproductive fitness is therefore determined by the complex interactions of traits selected in males and females during different episodes of selection before and after insemination. The way in which different sexually selected traits affect the fitness of males and females and the way these traits interact at both a phenotypic and a genetic level has profound implications for the evolution of the reproductive fitness and the evolutionary trajectories of both sexes, and is the focus of much current work in sexual selection.
The aim of this study is to illustrate the relationship between male and female reproductive strategies adopted before and after insemination in a typically sexually promiscuous bird, the feral fowl, Gallus g. domesticus.
The study subject
The red junglefowl, Gallus gallus, and feral populations of its domesticated descendant, the domestic fowl, live in multi-male multi-female, socially structured groups which are characterised by high levels of sexual promiscuity despite the efforts of dominant males to monopolise access to females (McBride et al, 1969; Cheng and Burns, 1988; Thornhill, 1988; Collias and Collias, 1996) .
The study was conducted on a free-ranging unconstrained population of feral fowl at the research station of Stockholm University, Sweden, between 1998 and 2000. The study population belongs to a breed of domestic fowl from south-east Asia which has been subjected to typically relaxed artificial selective pressures and is morphologically and behaviourally very similar to the red junglefowl Schü tz and Jensen, 2001) . We studied the sexual behaviour of individually marked birds in groups comprising of 10-13 males and 21-28 females. In addition, we investigated the effect of sperm quality on male reproductive success using a random-bred population of New Hampshire fowl (base population n = 242) housed at Oregon State University .
Pre-insemination strategies Males
Socially dominant males experienced higher copulation success and privileged access to copulation opportunities than their subordinates (Pizzari and Birkhead, 2000; Pizzari, 2001; Pizzari, MS) . This advantage was partly explained by differential ability to attract and seduce females and by the ability of dominant males to disrupt copulations initiated by their subordinates (Pizzari, 2001) . Male fowl provide females with food as part of their courtship display (courtship-feeding). In the study population dominant males performed more courtship-feeding than subdominant males (Pizzari, MS) . In addition, when males were experimentally provided with food, the probability that they courtship-fed females was positively correlated with male social status (Pizzari, MS) . Male fowl are also more vigilant than females and signal potential predators with specific alarm calls. Females may therefore benefit by foraging in proximity of a vigilant male. Dominant males invested significantly more time in vigilance than subdominant males (Pizzari, MS) . Dominant males, but not subdominants, also produced alarm calls at a rate which was positively correlated with the amount of time spent vigilant, suggesting that alarm calls by dominant males reliably indicate their vigilance effort, and that the alarm calls of dominant males, unlike the calls of subdominant males, provide females with reliable cues on the presence of potential predators (Pizzari, MS) . This result is consistent with accounts of females preferentially associating with dominant males in populations of feral and red junglefowl (McBride et al, 1969; Thornhill, 1988) . Despite the competitive advantage Heredity of dominant males, the effect of social dominance on copulation success is often weak and most males enjoy some copulation success (Pizzari, 1999 (Pizzari, , 2001 Pizzari et al, MS; T Pizzari, TR Birkhead, unpublished data) .
Females
Female fowl showed a marked preference for socially dominant copulation partners. In the study population female copulatory behaviour biased copulation success in favour of dominant males. The probability of females soliciting copulation was positively correlated with male social status (Pizzari, 2001 ). In addition, females were also more likely to resist the sexual advances of subdominant males (Pizzari, 2001) . The direct selection of socially dominant males through differential solicitation and resistance had a strong influence on copulation success (Pizzari, 2001) . However, the fact that males are larger and consistently socially dominant over females (Pizzari, 1999) allows males to coerce females into copulating, thus limiting female opportunities to directly select copulation partners. When there are limited opportunities to directly select copulation partners, females may bias copulation success indirectly through the manipulation of male sexual behaviour (Wiley and Poston, 1996) . For example, females may promote competition for fertilisation among males, which in turn may increase the success of dominant males. Females may elicit competition by signalling the time when inseminations are most likely to result in fertilisation or by signalling to other males that a copulation is taking place. Female fowl produce two calls which could bias copulation success in favour of dominant males: the post-oviposition cackle, and the distress call. The post-oviposition cackle is a loud repetitive call uttered by a female following egg-laying. Based on the assumption that the hour immediately following egg-laying is particularly favourable for an insemination to result in the fertilisation of the successive eggs, it has been suggested that this vocalisation may signal a peak in fertility and thus trigger male sexual behaviour and competition for the insemination of a cackling female (Thornhill, 1988) .
The distress call is often associated with copulation (Collias, 1987; Thornhill, 1988) . Due to its tight association with copulation (Thornhill, 1988) , the distress call may influence male sexual behaviour and thus allow for indirect partner selection.
We tested the effect of both the post-oviposition cackle and the distress call on male behaviour. We found no evidence that post-oviposition cackling results in the indirect selection of socially competitive copulation partners. In fact, this vocalisation was associated with a significantly lower probability of a female obtaining a copulation in our study. These results are consistent with several artificial insemination studies showing that the time immediately following oviposition is in fact an unfavourable time for an insemination to fertilise eggs (Birkhead et al, 1996) and suggest that cackling may discourage males from attempting to copulate . The distress call, on the other hand, had a strong influence on the outcome of a copulation. Females were more likely to utter the call when approached by low-ranking males attempting to copulate, and the distress call attracted males, thus increasing the probability of other males detecting a copulation. In addition, males dominant over a copulating male were likely to disrupt the copulation and to inseminate the calling female. Therefore, differential distress calling allowed females to further bias copulation success in favour dominant males (Pizzari, 2001 ).
Post insemination strategies Males
Despite the fact that copulation success is skewed in favour of dominant males, the effect of social dominance is limited and most subdominant males secure some copulations. Consequently, the risk of sperm competition is typically high and sperm competition can be very intense in feral fowl populations (Jones and Mench, 1991; Pizzari et al, MS) . When sperm competition occurs, the fertilising efficiency of ejaculates contributes to influence male reproductive success (Parker, 1998; ). In general, two factors determine the fertilising efficiency of an ejaculate: (i) the number and (ii) the quality of sperm inseminated.
Number of sperm inseminated: Successive inseminations deplete the sperm reserves of a male (Birkhead et al, 1988; Birkhead, 1991) . In systems where males need to inseminate a relatively high number of sperm to out-compete the ejaculates of their rivals and where there are multiple copulation opportunities, sperm depletion may limit male reproductive success (Dewsbury, 1982) . Most male fowl face intense sperm competition and have the opportunity to inseminate multiple females, strongly suggesting that sperm depletion under sperm competition exerts an intense selective pressure on this species. This is consistent with the fact that male red junglefowl have the largest relative testes mass among galliformes (Pizzari, 1999) , indicating an evolutionary response to sperm depletion and sperm competition. When the sperm investment in the current insemination constrains a male's investment in future inseminations, males are expected to allocate sperm differentially according to the reproductive value of an insemination and strategic sperm allocation may evolve (Dewsbury, 1982; Parker, 1998 ). An obvious response to sperm depletion would be to limit the sperm investment in a particular female in order to be able to inseminate enough sperm into other females. We tested this idea by providing individual male fowl with the opportunity to copulate ad libitum with a female. To test whether males limit their sperm investment in the current copulation partner to save sperm for future females we replaced the sexually familiar female with a new one after the male ceased inseminating the familiar female. If males are genuinely sperm depleted they are not expected to be capable of inseminating new females, but if they allocate sperm strategically we expect sperm investment to be renewed with a new female. Over successive copulations, male fowl progressively reduced their sperm investment in a female and, when a new female was presented increased, the number of sperm inseminated, indicating that male fowl respond to the risk of sperm depletion under sperm competition through strategic sperm allocation to different females (Pizzari et al, MS) . Another way through which males are predicted to maximise reproductive success under sperm competition is to invest sperm differentially according to the probability that an ejaculate compete with the ejaculate of another males (risk of sperm competition), and according to the number of males that inseminate the same female, and whose ejaculates compete for the fertilisation of the same set of eggs (intensity of sperm competition, Parker, 1998) . We are currently testing these predictions.
Quality of sperm inseminated: Another trait, in addition to sperm numbers, that plays an important role in determining fertilisation under sperm competition, is the quality of sperm inseminated ). Sperm quality measured as 'sperm mobility', an in vitro assay which measures the ability of sperm to penetrate a solution of an inert medium Froman and Feltmann, 2000) . Sperm mobility is a normally distributed trait which is stable and significantly repeatable within males Froman and Feltmann, 2000) . An artificial insemination experiment where the same number of sperm from a male with average-, and from a male with high-sperm mobility were mixed and artificially inseminated into the same female revealed that, when competing with low mobility ejaculates of the same size, high mobility ejaculates fertilised a disproportionate number of eggs (Birkhead et al, 1999) .
In addition, we investigated the mechanisms through which sperm number and sperm mobility convey a competitive advantage to an ejaculate. A critical factor in fertilisation success in birds is the ability of sperm to ascend the female vagina and enter the utero-vaginal sperm storage tubules (Wishart, 1987) . Therefore, we investigated the effect of both sperm mobility and the number of sperm inseminated on sperm storage and the rate at which sperm are lost from the female sperm storage tubules. Within 15 minutes following fertilisation, the ovum is covered with a proteinic layer, the outer perivitelline layer, which traps any sperm present in the infundibulum and around the ovum at the time of fertilisation (Bakst, 1993) . Trapped spermatozoa hydrolyse the perivitelline layer and thus the number of perforations present on the perivitelline layer of eggs laid over successive days following an insemination provides an accurate measure of how many sperm of the inseminated ejaculate initially reach the sperm storage tubules and the rate at which they are released from the tubules over successive days (Wishart, 1987; Brillard, 1993) . We partitioned variance in the number of sperm reaching the sperm storage tubules and in the rate of sperm loss between the mobility and the number of sperm inseminated by artificially inseminating 100 million sperm from 10 different males which differed in the mobility of their ejaculates into 10 females per male (100 females in total), and then by replicating the same experiment inseminating 25 million of sperm from the same males. We found that the number of sperm inseminated positively affected the number of sperm initially reaching the sperm storage tubules of a female (as expected, see Brillard, 1993) , and that crucially, sperm mobility positively affected the rate of sperm loss from the sperm storage tubules, with sperm from high mobility ejaculates being lost more slowly and hence maintaining their fertilising power over a longer period of time (Froman et al, MS) .
Although most males have the opportunity to copulate with multiple females, access to copulations is typically mediated by male social dominance, dominant males enjoying privileged access to females and disrupting copulations initiated by the subordinates. The number of sperm inseminated by a male into a female is therefore likely to be mediated by his social status. We tested the phenotypic relationship between the two factors that contributed to determine fertilising efficiency in male fowl: male social status and sperm mobility. We did this by allowing pairs of males which produced ejaculates of either high or average mobility to establish a dominance relationship and found that the males that produced ejaculates of lower mobility were significantly more likely to become the dominant member of these pairs (Froman et al, MS) .
Females
Consistent with anecdotal information (R Thornhill, cited in Birkhead and Møller, 1992) , we found that female feral fowl are able to eject semen through cloacal contractions immediately following an insemination. Sperm ejection can be one of the mechanisms through which females may bias paternity after insemination (Eberhard, 1996) . Because female fowl preferred to copulate with highranking males we tested whether the probability of sperm ejection was equal for the ejaculates of dominant and subdominant males. The probability of sperm ejection was significantly and negatively correlated with the status of a male: more dominant males experienced a decreased probability of having their ejaculates ejected by females (Pizzari and Birkhead, 2000) . To determine the causality of this relationship we removed some males, including the top-, and the bottom-ranking males, to experimentally manipulate the social status of the remaining males. Consistent with the idea that female fowl eject the sperm of subdominant males, we found that those males that occupied a higher rank after the manipulation experienced a decreased probability of sperm ejection (Pizzari and Birkhead, 2000) . These results suggest that female fowl are able to re-iterate their choice of partners after insemination.
Evolutionary implications
Three distinct sexually selective episodes consistently favour male social dominance in the domestic fowl: (i) pre-insemination male-male competition, (ii) pre-insemination female choice, and (iii) post-insemination female choice. However, in another episode of sexual selection, male-male competition after insemination (ie sperm competition), male social dominance was not phenotypically linked (at least not positively) to sperm mobility, the other male trait determining fertilising efficiency. Competitive ability underlying male social dominance shows significant additive variation in the fowl (Craig et al, 1965) . Similarly, we found that sperm mobility is highly heritable (Froman et al, MS) . The additive genetic variation observed in social dominance and sperm mobility, combined with highly interdependent function of these traits, is expected to create potential for positive correlational post-insemination sexual selection (Lande and Arnold, 1983) . The mechanisms that prevent social dominance and sperm mobility from working in unison are unknown. However, sperm mobility may be largely maternally transmitted, since a heritability analysis revealed a strong maternal genetic effect on sperm mobility genetically independent from the autosomal effect (Froman et al, MS) , suggesting that mitochondrial Heredity genes may contribute to determine sperm mobility (Froman et al, MS) . This finding would be consistent with recent studies of human sperm (Ruiz-Pesini et al, 2000) and indicates the possibility that sexual selection may be prevented from acting on sperm mobility along the male line, thus contributing to maintain variability in male quality. In the future it will be crucial to test the extent to which mitochondrial genes control sperm mobility in the fowl.
